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Abstract–The aim of this study was to investigate the
presence of apparent non-epileptiform activity aris-
ing in the same brain area as epileptiform activity in
the EEG of paediatric patients with focal epilepsy.
The EEG from eight patients was analyzed by an au-
tomated method which detects epochs with a single
underlying source having a dipolar potential distri-
bution. The EEG with the highlighted detections
was then rated by an EEGer with respect to epilep-
tiform activity. Although EEGer-marked events and
computer detections often coincided, in five out of
the eight patients a substantial number of other de-
tections were found to arise from the same area as
the marked events. The morphology of a high pro-
portion of these other detections did not resemble
typical epileptiform activity.
Keywords– EEG; Focal epilepsy; Singular value de-
composition; Dipole localization; Epileptiform pat-
terns.
I INTRODUCTION
The background EEG in patients with focal
epilepsy often shows focal or localised delta activ-
ity (<4 Hz) related to the disorder [1]. Intermit-
tent delta activity in the EEG of patients with fo-
cal epileptogenic brain lesions has been reported to
be a marker for the existence of an epileptogenic
focus [2]. Similarly, Huppertz et al. [3] used dipole
localization to show delta activity coming from cor-
tical regions close to the brain lesion. Gallen et al.
[4] selected epochs showing abnormal low-frequency
activity in the magnetoencephalogram (MEG). The
underlying equivalent current dipole of this activity
was found to be useful in the presurgical evaluation
of patients with epilepsy.
In the above studies, the epochs were visually se-
lected by EEGer and related to abnormal activity
in the delta range.
de Jongh et al. [5] used an automated means to
examine the MEG for dipolar activity in a group
of patients with cerebral tumors. They found that
dipoles describing delta and theta activity were lo-
cated ipsilateral to lesions.
Preliminary observations from our own compar-
isons of transient events detected by computer al-
gorithm with those of an EEGer have led us to
the study reported here. We applied a method
that automatically detected dominant events with
a dipolar scalp potential distribution in 19-channel
EEG of pediatric patients with focal epilepsy. In
addition, the algorithm provided the dipole loca-
tion (within a spherical 3-shell model) associated
with each detection. The EEGer was asked to
identify all epileptiform events after being given
the EEG recording with all computer detections
already high-lighted. A region of interest (ROI)
was than identified based on the epileptiform-events
computer-detected.
II PATIENTS AND EEG
Nineteen-channel EEGs (10-20 international elec-
trode placement, 1-30 Hz band-pass filtered, sam-
pled at 256 Hz, common referenced) of eight pae-
diatric patients with focal epilepsy were recorded.
The patients had been selected out of a pool of
available data. The EEG recordings ranged from
12.4 to 21.2 minutes. The patients had an average
age of 5.5 years (range 3-10 years).
III METHODS
The method comprised applying a computer detec-
tion algorithm to the 19-channel EEG, having the
EEGer categorize the EEG within which computer
detections were highlighted, and constructing a re-
gion of interest based on the dipoles of epileptiform-
events computer-detected.
A. Detection method
The detection algorithm was based on a novel
method developed for detection of epileptiform ac-
tivity in multi-channel EEG recordings [6, 7]. The
19-channel EEG was first transformed from com-
mon referencing to average referencing. It was then
divided into overlapping epochs of 250 ms (64 sam-
ples). Each epoch was shifted in time from the pre-
vious one by 31.25 ms (8 samples). The epochs
were processed in two steps. The first step involved
singular value decomposition (SVD) to inspect the
number of generators active in the epoch. The EEG
epoch V ∈ R19×64 was decomposed by SVD into
U ·s ·WT (T transpose operator) with 19 ‘potential
distributions’ found in the columns of U ∈ R19×19,
19 corresponding time courses in the columns of
Authorized licensed use limited to: University of Canterbury. Downloaded on December 7, 2009 at 15:52 from IEEE Xplore.  Restrictions apply. 
W ∈ R64×19 and the singular values si found on
the diagonal entries of diagonal matrix s ∈ R19×19.
The si values, representing the square-root of the
energy contribution of component i, were ordered
such that the one with the largest value had the
smallest index i. SVD was used to inspect the num-
ber of generators active in the epoch. A detection
was said to have occurred when only one generator








was used for this purpose, where S is the fraction
of energy contained in the first component. If S
was higher than 70%, a dominant generator was
assumed.
In the second step, EEG dipole source analysis
was applied to the potential distribution U∗1 (the
left eigenvector corresponding to the first singular
value) of the dominant generator. A three-shell
spherical head model was used with the radii for the
brain, skull and scalp compartment being 80 mm,
85 mm and 92 mm respectively. The relative con-
ductivities with respect to the skull conductivity of
the three compartments were 16, 1 and 16 respec-
tively. The optimum dipole was found by changing
the dipole parameters until a minimum was found







with Vmodel being the potentials generated by the
fitted dipole in the three-shell spherical model. The
RRE gives the fraction of energy which cannot be
explained by a dipolar field. The smaller the RRE
the better the dominant potentials obtained from
the SVD represent a dipolar source and, hence, a
focal source. The detection algorithm triggered an
EEG epoch when SVD indicated a dominant source
and the RRE was lower than 4%.
Certain artifacts were subsequently removed by
applying rejection rules based on the dipole model
in the three-shell spherical head model [8]. First,
the relative eccentricity (ECC) of the dipole po-
sition was calculated with respect to the radius of
the inner shell. If the ECC was found to exceed
95%, the dipole was rejected on the grounds of be-
ing either an eye-blink or electrode artifact. A fur-
ther eye-blink artifact removal criterion (EARC)
was introduced to reject epochs from a dipole lo-
cated in the lower frontal area. A dipole with po-
sition r[rx ry rz], normalized to the radius of the
outer shell, (x-axis: left to right ear, y-axis: ante-
rior to posterior, z-axis: vertical through Cz and
origin in the center of the spheres) and orientation
d[dx dy dz] was removed when (rz < 0) ∧ (ry >
0.1) ∧ (arccos( d‖d‖ · ex) >60
◦) was true, with ‖ ‖
the euclidian norm, · the inner-product and ex the
unity vector along the x-axis; that is, the detection
was rejected if the computed dipole was located in
the lower frontal area and its dipole moment vector
made an angle of a least 60◦ with the x-axis.
In summary, an epoch was detected when four
conditions were fulfilled: S > 70% indicating a
dominant generator in the epoch, RRE < 4%
demonstrating that a dipole was a good model for
that generator, ECC < 95% indicating removal of
electrode or eye-blink artifacts and the EARC not
being met, providing further support that the epoch
was not due to an eye-blink artifact. Importantly,
this method detects focal activity regardless of the
morphology of the activity and the amount of total
power in the epoch.
As the EEG is segmented into overlapping
epochs, it is possible for a single event to be de-
tected more than once. Detected epochs were there-
fore clustered into a detection. Two consecutive de-
tected epochs were clustered if they both started
within 250 ms of each other and had their associ-
ated dipole positions r1 and r2 located in the same
region (i.e., ‖r1 − r2‖ <0.2 or 18.4 mm). This was
done to prevent activity in different brain regions
being clustered as one detection. The dipole pa-
rameters associated with the detection were then
obtained by averaging the dipole parameters asso-
ciated with the detected epochs within it.
The thresholds for S, RRE and ECC were cho-
sen as follows. The EEG of patient 7 was marked
for epileptic events by the EEGer before being re-
marked with the automatic detections highlighted.
For a given set of thresholds of these properties, a
sensitivity ( #detections also marked by the EEGer
/ #EEGer marked events ) and selectivity ( #de-
tections also marked by the EEGer / #detections )
to epileptiform events was obtained. The selectivity
was then plotted versus sensitivity for a large num-
ber of threshold sets. The envelope curve, ROC
curve, represented the best possible combinations
of sensitivity and selectivity. The thresholds men-
tioned above were associated with a position on the
ROC with a sensitivity and selectivity of 78% and
13%, respectively, in patient 7. The same thresh-
olds were used for the other patients. The parame-
ters associated with the EARC were kept fixed in
this preprocessing step.
B. Categorising the EEG
The EEGs with the detections highlighted were
then presented to the EEGer. He was asked to indi-
cate all events which he considered to be definitely
epileptiform or questionably epileptiform. Epilep-
tiform patterns were defined in [9] as : ‘Applies
to distinctive waves or complexes, distinguished
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Table 1. Computer detections categorized by EEGer into defi-
nite, questionable or non epileptiform patterns. The values in
parentheses give the percentage of NEDs which are NEDIRs.
#DEDs #QEDs #NEDs #NEDIRs
1 24 21 93 30 (32%)
2 0 32 83 30 (36%)
3 1 87 243 120 (49%)
4 27 22 89 1 (1.1%)
5 1 2 5 0 (0%)
6 1 11 100 3 (3%)
7 17 40 47 21 (44.6%)
8 22 84 595 105 (17.6%)
from background activity, and resembling those
recorded in proportion of human subjects suffer-
ing from epileptic disorders and in animals rendered
epileptic experimentally. Epileptiform patterns in-
clude spikes and sharp wave, alone or accompanied
by slow waves, occurring singly or in bursts last-
ing at most a few seconds’. (In what follows we
use epileptiform events and epileptiform activity
as synonyms of epileptiform patterns.) Detections
not marked by the EEGer were Non-Epileptiform-
patterns computer-Detected (NEDs).
Definite and questionable epileptiform
events (marked by the EEGer) which coincided




C. Construction of a region of interest
To further process the NEDs, a spherical ROI was
established to indicate the origin of the epilepti-
form patterns. Ideally, one would construct this
region based only on DEDs as they are, in the
EEGers’ opinion, unequivocally epileptiform. How-
ever, when the number of DEDs is too small (less
than 3), QEDs were also utilized to construct the
ROI; this was the case in 4 of the 8 EEGs. The
centre of the region was obtained by averaging
the dipole positions of the DEDs or, if <3, DEDs
and QEDs. The maximum of the standard devi-
ations from that average along the cartesian axes
(max(σx σy σz)) ranged from 0.08-0.23 relative to
the outer radius of the head model in the eight pa-
tients. A radius of 0.2 (i.e. 18.4 mm) was then
chosen to establish a volume around the centre of
the sphere. NEDs located in that spherical ROI
were termed Non-Epileptiform-patterns computer-
Detected In Region of interest (NEDIRs).
IV RESULTS
Table 1 shows the computer detections in each
EEG divided into definite, questionable and non-
epileptiform patterns according to the EEGer.
For patient 2 no DEDs were available. Hence, for
this patient the QEDs were used to define the ROI
Patient 1
R L R L
(a) DEDs
R L R L
(b) QEDs
R L R L
(c) NEDs
R L R L
(d) NEDIRs
Figure 1. For patient 1 the dipoles are presented for DEDs (a),
QEDs (b), NEDs with ROI (c) and NEDIRs(d). The dipoles are
shown in frontal-, top- and side view, respectively.
from where the epileptiform activity originates. As
the numbers of DEDs were too small for patient 3,
5 and 6, both the DEDs and QEDs were used to
define the ROI.
The numbers of NEDIRs are also given in Table 1.
For a uniform distribution of NEDs, the proportion
of NEDIRs (given in parenthesis) would be 1.22%
(( 0.2
80/92)
3100). For patients 4, 5 and 6 the propor-
tion is of this order indicating that there were no
strong association between NEDs and the epilepti-
form activity in these 3 patients. Conversely, for
the remaining 5 patients this percentage was sub-
stantially higher, indicating a close-proximity link
between the NEDs and the epileptiform activity.
The dipoles of DEDs for patient 1 are shown in
Fig. 1(a). A frontal-, top- and side view of the
same group of dipoles is illustrated to give a better
understanding of the 3D position of the dipoles in
the spherical head model. The dipoles of the QEDs
are given in Fig. 1(b). Note that most dipole ori-
entations tend to be in the same direction.
Fig. 1(c) shows dipole positions of the NEDs.
The ROI encapsulating the NEDIRs is also shown.
For patients 1, 2, 3, 7 and 8, a large number of
dipoles are located in the same area (both within
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and immediately outside the region of interest) as
the dipoles associated with the detections marked
by the EEGer. Hence, it is clear that the dipoles
of the NEDs are not randomly distributed in the
spherical head model and their strong predomi-
nance in the same region as the detected epilep-
tiform events has not occurred by chance. For pa-
tients 4 and 6 a large number of dipoles did not
cluster in the region where the epileptiform activ-
ity originates. Looking at the EEG of all NEDs, al-
pha activity and eye-blink artifacts were associated
with these detections in these patients. For patients
5 only a small number of NEDs was observed due
to the small number of detections obtained by the
algorithm.
Finally, Fig. 1(d) shows the dipole positions of
the NEDIRs. It is striking that these orientations
are very similar to those of the dipoles for the DEDs
and QEDs.
V DISCUSSION
For 5 of the 8 patients (patients 1, 2, 3, 7 and 8) the
NEDs were clearly from the same region as DEDs
and QEDs, as indicated in Fig. 1(c) for patient 1.
In patients 4 and 6, the NED were found to be
more spread out, with no strong cluster in the same
area as the DEDs and QEDs. This indicates that
the detection method has by chance detected NEDs
in the DED/QED zone which are probably not re-
lated to the underlying epilepsy. In patient 5, only
8 computer detections were found. Drug-induced
beta activity was superimposed on the background
EEG leaving the S measure below the threshold of
70%. No single dominant source could be observed.
The NED clusters for patients 1, 2, 3, 7 and 8 are
in quite different brain regions indicating that the
detection algorithm has no obvious bias regarding
preferential brain region.
Importantly, the method is not sensitive to the
waveform of the events, in contrast to mimetic de-
tection methods [10,11]. This would be a disadvan-
tage if the algorithm was used to detect epileptiform
patterns but is an advantage in the current study as
it enables focal events to be detected, independent
of morphology.
We have demonstrated a dominant presence of
non-epileptiform patterns in the EEG from the
same region as the epileptiform focus in the ma-
jority of a group of paediatric patients with focal
epilepsy.
Although our results show activity originating
from the same area as the epileptogenic focus, their
origin and morphology need to be confirmed by
depth-electrodes. Depth-electrode studies would
also allow investigations of the role which the
NEDIRs have in the epileptogenic process.
It would also be of interest to undertake fur-
ther studies to determine whether the presence of
NEDIRs in focal epilepsy are any different in adult
patients.
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